
© BUNDESREPUBLIK 
OEUTSCHLAND 




DEUT8CHE8 
PATENTAMT 



©Off nl gungsschrift 
© DE 4405 768 A1 



@ Aktenzaichen: 

SAnmeldetag: 
Offenlegungstag: 



P 4405 768.7 

23. 2.94 

24. 8.95 



fj) Int. CI.*: 

H01J1/30 

H 01J 9/00 
C07D 487/08 
C01 B 31/00 
//H01J 37/073, 
19/24,35/30 



60 
CO 

ifl 
O 

a 



@ Anmelder: 

Keesmann, Till, €91 15 Heidelberg. DE 

® V8rtreter: 

Muller, H., Dipl.-lng.; Clemens, G., Dipl.-lng. Dr.-lng., 
Pat.-AnwSlte, 74074 Hellbronn 



<§) Erftnder: 

Keesmann, Till, 891 15 Heidelberg, DE; GroBe-Wilde, 
Hubert, Or., 91077 Neunkirchen, OE 



@ Feldemissionskathodeneinrichtung und Verfehren zu ihrer Herstellung 

(§) Eine Feldemlasionskathodenalnricritung aus einem eiek- 
trisch leitfihigen Material und mit einar schlanken stabfor- 
migen Geometrle Oder einer Schneidkante zur Erzielung 
einar hohen Oberhdhung dar elektrlschen Paldstarfce zeich- 
net sich dadurch aus, daB dar elektronenemittlerende Tail 
der Feldemlaslonskathode zumindaat taitweiae bavorzugt 
rohranfdrmlge K8figmolekule und/odar Verbindungen mit 
KafigmolekGlen und/odar rohranfdrmlge atomare Natzwer- 
ke, gegebenenfalla mit AbachluSkappen mit Durchmesser- 
Abmassungan im Nanometarbaraich, aufweist 
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emnchtung un ?" erta J*r, n ^ r Aust ritt von Elektronen 5 K °™! n8to ,£,V*irt c 56) im Elektronenmikroskop 
STAND DERTECHNIK J* SSo^Shrchen elektnsch tetododer 

Feldemissionskathoden TO -me vj* Ut we «lea Frfindun* liegt die Aufgabe bene- 

Microelectronics: Whats New anu 



^SS-^^a. Feldemissionskathodenem- ,o ^ to to d«r Zd<^JJ^f^ Bei ch^i; 
n £ erfindungsgemaSe Anspru chs \ gege- £H*schrieben und erWu !*^L«JSi Merkmalc kbnnen 

fjn eransprilche. Feldcmissionskathodenem- « werde „ ^ ^ ach dem ersten erfin^jj 

Die erfindungsgem&Be w durch aus , daBdJ ^ Element ^ Emiss ionsspi«e mit 

ISt im Vergleich zu den regeuo * * .^ft we rdea Her5t ellung von Emzelkatnow 

ISKSS .gums 

einzelner Feldemis^nskajhoo erdea vor bereitete IMock * _ t aus hochreinem Graph* 

dung ergebensich durch aie 
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. mit einem Elektronenstrahl v rdampft wird. Dabei sind 
das Graphittarget und der Block s angeordnet, daB der 
K hlenstoffdampf senkrecht auf die Eb nemitdenGra- 
phitschneiden auftrifft Unter diesen Bedingungen 
wachsen auf den Schneidenkanten K hlenstoff-Nano- s 
rdhrchen einzeln und in Bundeln von mehreren Rdhr- 
chen in Richtung des Kohlenstoffdampfstrahls. Nach- 
dem eme Schichtstarke von einigen Zehntel Mikrome- 
ter erreicht ist, wird der Aufdampfvorgang beendet 

Die Schneidenkanten und die abgeschragten Flachen io 
der Graphitplflttchen sind jem mit Kohlenstoff-Nano- 
rohrchen beschichtet, die eine auBerordentlich hohe 
mechanische Festigkeit aufweisea Die Mikrostruktur 
der Oberflache ist durch rohrenformige Erhebungen mit 
scharfen Spitzen, die einen Krflmmungsradius von weni- 15 
gen Nanometern haben, gekennzeichnet 

In Fig. 8 ist dargestellt wie ein in dieser Art prlpa- 
riertes Graphitplattchen in einer ais Schaltelement die- 
nende Diode eingesetzt werden kann. In einem evaku- 
ierten Glaskolben 1 10 sind eine groBflachige Anode 1 12 20 
und ein Kathodenstift 1 1 1 eingeschmolzen. Auf dem Ka- 
thodenstift ist das Graphitplftttchen 100 mit der 
Schneidkante 101 so' befestigt, daB es der Anode un 
Abstand von etwa 1 mm gegenabersteht. Bei Anlegen 
einer ausreichend hohen negativen Spannung an die 25 
Kathode kann ein elektrischer Strom durch die Diode 
flieSen. 

In gleicher Weise lassen sich start einer einzelnen 
Schneidkante mehrere Schneidkanten als Kathode ver- 
wenden. 30 

Diese Schneidkanten zeichnen sich dadurch aus, daB 
sie im Gegensatz zu Schneidkanten ohne Kohlenstoff- 
Nanorohrchen eine wesentlich groBere Oberhohung 
des elektrischen Feldes aufweisen, was sich darin ftuBert, 
daB bei gleicher Spannung der Feldemissionsstrom grO- 35 
Qer ist Daruberhinaus werden die Emissionsspitzen 
nicht durch lonen des Restgases bereits nach kurzer 
Betriebszeit zerstdrt 

Das geschilderte Herstellverfahren lftflt sich problem- 
los auf eine groBere Anzahl von Graphitplftttchen mit 40 
langerer Schneidkante flbertragen. Ebenso lassen sich 
der Kantenwinkel und der Abstand der Schneidkanten 
voneinander in weiten Grenzen variieren. Es ist somit 
eine Feldemissionskathode vorgestellt, deren elektro- 
nenemittierende Flache und Stromdichte an viele An- 45 
wendungen beispielsweise in der Leistimgsimpulstech- 
nikanpaflbarist 



Beispiel 

Herstellung von Feldemissionskathoden als Array 



so 



Zunachst wird nach einem vorbekannten Verfahren 
ein Array von Feldemitterkathoden und Gateelektro- 
den aus Molybdfin auf einem dotierten Siliziumsubstrat 55 
mit den Methoden der SiliziuxnprozeBtechnik herge- 
stellt, wie es beispielsweise in dem Artikel Spindt et aL, J. 
AppL Physics 47 (1976), S. 5248ff beschrieben ist (siehe 
auch Busta &A.O. und Iannazzo aJuO) In Fig. 1 ist eine 
Feldemitterkathode mit Gateelektrode dargestellt Mit w 
to ist das elektrisch leitfahig, n-dotierte Siliziumsubstrat 
bezeichnet, 1 1 bezeichnet eine ca. 2 um starke aufge- 
dampfte Isolierschicht aus Si02, 12 die ca. 0,5 um stark 
aufgedampfte Molybdftn-Gate-Elektrode, 13 ist di spit- 
zenfdrmige Feldemissionskathode aus Molybdan V r- 65 
teilhaft werden die Gate-Offnungen 14 der Molybdftn- 
schicht zwischen 0,4 und 0^ um gewfihlt; damit wird in 
dem zitierten Herstellverfahren err icht,daBdi Katho- 



denkegelspitzen etwa 0^ pjn unt rhalb der Gateelek- 
troden liegen. 

In einem folgenden ProzeBschritt wird auf das Feide- 
mitterarray, das in dieser Form b reits dem Stand der 
Technik entspricht, eine Opferschicht aus Aluminium 
aufgebracht, indem das Substrat senkrecht zur Oberfla- 
che in Rotation versetzt und unter streifendem Einfall 
mit Aluminium bedampft wird Durch diese Art des Auf- 
dampfens wird vermieden, daB das Aluminium sich in 
den KathodenSfmungen niederschlJgt Die Fig. 2 zeigt 
ein Feldemitterelement nach diesem ProzeBschritt; die 
Alurninium-Opferschicht ist mit 20 bezeichnet. 

In nachsten ProzeBschritt wird ein Graphittarget, das 
oberhalb des Feldemitterarrays angeordnet ist, durch 
einen Elektronenstrahl verdampft und der Kohlenstoff 
auf dem Feldemitterarray abgeschieden. Ein Teil des 
Kohlenstoffatomstrahls dringt durch die GateOffnungen 
und schlagt sich auf den Kathodenspitzen nieder. Wie 
aus einer VerOffentlichung von Kosakovskaya u. a, 
JETP Lett, 56 (1992) 26 bekannt ist, Widen sich dabei 
rdhrenformige parallele Graphitfasern in Richtung des 
einfallenden Atomstrahls. Eine Verbesserung des 
Wachstumsprozesses wird erreicht, wenn wfthrend die- 
ses ProzeBschrittes eine Spannung UG von der Gro- 
Benordnung 50 V zwischen Kathoden- und Gateschicht 
gelegt wird Die mittlere Feldstftrke liegt dann in der 
GroBenordnung von 50 V/04 Jim «= 10« V/m; durch die 
Oberhohung der Feldstftrke an der Spitze steigt diese 
dort auf fiber - lO'V/m an. Die hohe FeldstSrke an der 
Faserspitze bewirkt offensichtlich, daB die Faserenden 
gedfraet bleiben und das Wachstum der Fasern verbes- 
sert wird (Smalley, a^.0. S. 4). Die Fig. 3 zeigt ein Felde- 
mitterelement nach diesem ProzeBschritt, wobei mit 30 
die abgeschiedene Kohlenstoffschicht auf der Gateelek- 
trode und mit 31 ein oder mehrere Kohlenstoff-Nano- 
rohrchen auf der Molybdanspitze bezeichnet sind. Sche- 
matisch ist auch die Spannungsquelle zur Erzeugung der 
Feldstarke an der Kathodenspitze dargestellt. 

Ober den Emissionsstrom Ic kann das Wachstum der 
Kohlenstoff-NanorOhrchen kontrolliert werden Je lin- 
ger die aufgewachsenen Kohlenstoff-Nanordhrch n 
sind, umso starker wird der Emissionsstrom. Der ProzeB 
muB rechtzeitig abgebrochen werden, wenn die Kohlen- 
stoff-NanorOhrchen einige Zehntel um hinge erreicht 
haben. Vorteilhaft wird hierbei die Gatespannung Ug 
leicht moduliert Der Quotient dlc/dUG wird als diffe- 
rentielle Steilheit bezeichnet und kann als MaB fflr die 
Qualitftt des Feldemitterarrays dienen. 

In einem letzten Scbritt wird die Kohlenstoffschicht 
mit der Aluininiumopferschicht weggefttzt, so daB das 
Feldemitterelement nach diesem Schritt wie in Fig. 4 
dargestellt aussieht 

In Abwandlung des beschriebenen Herstellprozesses 
konnen die Kathoden start in ihrer Gesamtheit elek- 
trisch verbunden zu sein und auf gleichem Potential zu 
liegen auch so hergestellt werden, daB jeweils nur eine 
Reihe elektrisch miteinander gekoppelt ist In gleicher 
Weise konnen die Gateelektroden derart hergest lit 
werden, daB sie ebenfalls nur in einer Reihe elektrisch 
gekoppelt sind, allerdings senkrecht zur Richtung der in 
Reihe geschalteten Kathoden. Hiermit ist die MOglich- 
keit gegeben, jede Kathode einzeln anzusteuern. Diese 
Art der Schaltung ist vorbekannt und beispielsweise fflr 
den Bildschirm mit digital ansteuerbaren Bildpunkten 
der Firma LETI verwendet (beschrieben in Busta a s.O. 
S. 69- 70). Schematisch ist diese Schaltung fQr drei Ka- 
thodenreihen und drei Gatereihen in Fig. 5 in Drauf- 
sicht dargestellt 
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A«f « nPm Substrat mit elektrisch nicht leitender 

Kl K2 und K3 beispielsweise aus n-dotiertem Silizium 
ta £ Breite von wenigen Mikrometern au gebracht 
Die nachfolgende - nicht dargestellte - lsol er*hicht 
au SiziumdioKid in einer Stark, , v« i ,2 Mikrome. 
ter entspricht der von Spindt beschnebenen Anord- 
nung Die Gateelektroden G ! , G2 und G3 werden eben- 
sTJk die Kathoden streifenfdrmig allerdingssenk- 
echTzur Richtung der Kathodenbahnen ^l*"*- 
Die weiteren ProzeBschritte entsprechen den Schmte* 
wic sie zur Hersteilung der nicht einzeln ansteuerbaren 
Feidemitterkathodenangewendet werden. 

Die mittlere Elektrode der letzten Spake in Fig. 5 UBt 
sich nun beispielsweise so ansteuern, indem an den Ka- 
thodenstreifen K2 eine negative Spannung und an den 
Gatestreifen G3 eine positive Spannung gelegt wrd es 
flieSt dann ein Feldemissionsstrom aus dieser Elektrode, 
der im Kathoden- oder Gatekreis gemessen werden 
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dort eingesetzt werden, w bisher therauonische Ka- 
thoden im Vakuum eingesetzt wurden, und in alien An- 
wendungen der Vakuummikroelektronik. Typische An- 
wendungsfelder werden im folgenden aufgefiihrt, wobei 
die Aufzahlung nicht erschopfend ist und der Fachmann 
die erfindungsgemaBe Feldemissionskathode problem- 
los auf ahnliche Anwendungen Ubertragen kann. 

Einzelemitterspitze. Emitterkanten oder Emitterar- 
rays kdnnen als Elektronenquelle eingesetzt werden fur 
RontgenrOhren, R6ntgenr6hren mit flachigen, ansteuer- 
baren Kathoden, beispielsweise fur die Computertomo- 
graphie. ElektronenstrahlHthographie, Mmiaturelektro- 
nenmikroskop, Leistungsschaltrdhren, Diode oder Tno- 
de, Logikschaltelement, Bildschirm. 

Feldemissionskathoden k6nnen in miniatunsierten 
elektronischen Bautetlen eingesetzt werden, wie 
Hflchstfrequenzdioden, Hechstfrequenztnoden, Dioden 
und Trioden in Kombination mit Haibleiterbauelemen- 
ten, temperaturfesten Dioden und Trioden m KFZ-Mo- 
H r i «»;i/.n»i,»l<.niMnen. elektro* 



7 nT KalhodeT oder Gatekreis gemessen werden ^^per^ 

oder mit einer - hier nicht gezeichneten - Sauganode 20 Jg^HSmw, mit Dioden- undTriodenfunktio- 
nachgewiesen werden kann. -■ • • — rw.s-i.~u RM ,* n <tH^ *i<*tm- 
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diese Anordnung der Kathodenstreifen und Gatestrei- 
fen dazuverwendet werden. urn den HersteUvorgang 
jeder einzelnen Kathode gezielt zu kontroUieren. Es.st 
dann mdglich, den Emissionsstrom wahrend des Her- 
stellprozesses aus jeder Feldermtterspitze zu messen 
und nicht nur den Summenwert des gesamten FeWemit- 
terarrays. Durch Wegschalten der Spannung an erner 
Feldemissionskathode wird die Bildung oner AbschluB- y> 
kappe mit Funfringstrukturen begtinstigt, so daB kern 
weiteresWachstummehrerfolgt 

Vorteilhaft filr die Bildung der Kohlenstoff-Nano- 
rOhrchen ist es, wenn der Bildungsvorgang bei erhohten 
Temperaturen von 100 bis 700°C (Grad Celsius), vor- 
zugsweise300-400°C,stattfindet 

Ebenfalls ist es vorteilhaft. wenn vor <^ /^ W£ 
des Kohlenstoffs eine wenige Atomlagen dicke Schicht 
von Ssen oder Kobalt auf die Molybdtokamodenspit- 
zen aufgebracht wird Offenbar wirkt Eisen und Kobalt 
katalytisch positiv auf die Bildung von Kohlenstoff-Na- 

n °In Abwandlung der Erfindung kann man auch ^aul F den 
Vorteil der schlanken, zylindnschen Form der JKotate* 
stoff-Nanorohrchen verzichten und nur den Vorted der as 
hohen mechanischen Stabilitat von < K"*™^ £ 
heiflt Widerstandsfahigkeit gegen den BeschuB der Ka- 
thode durch positive Restgasionen, ausnutzen. In die- 
em FaTwerden die in herkdmmlicher Weise - durch 

«rukturtechnik oder durch Atzen - hergesteUten Ka- 
532T£*totai. leitfahigen ^S^H^o 
chichtet Die KafigmolekOle l^l^E^^S 
fullerene oder deren Derivate sein, insbesondere auch 
enSeXate u„d exohedrale Verbindungen be«p.els- 
weise der Art MsQo oder MjO* wobei M ein Metall, 
Wwets?dTAlkalimetalle Kalium oder Na = 
bedeuTet Die KaHgmolekOle konnen 
Form, beispielsweise c*> in Form von Fullent, auf die 
Kathode aufgebracht werden. 

ANWENDUNGEN 

Die Feldemissionskathoden, d ren WWerstandsfahig- 
keh und Emissions igenschaften durch die ****** 
Tung 35 Kohlenstoff-Nanordhrchen oder auch urmt Fu - 
lerenen und deren Derivaten in ^^S^SSSi 
stalliner Form verbessert worden smd, kdnnen Qberall 
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nen. die eine besondere Festigkeit gegenUber elektro- 
magnetische Stfirstrahlung und ionisierende Strahlung 
aufweisen. Drucksensoren, bei denen der Abstand Ka- 
thode Gate durch den Druck beeinfluBt wird, Mikrowel- 
lengeneratorenund-verstarker. 

Als Array konnen Feldemissionskathoden bevorzugt 
eingeseut werden als groflflachige ElektronenqueUen 
hoher Stromdichte, ansteuerbare ElektronenqueUen fQr 
flache Bildschirme hoher Leuchtdichte in em- oder 
mehrfarbiger AusfQhrung. 

Patentanspruche 

1 Feldemissionskathodeneinrichtung aus einem 
elektrisch leitfahigen Material und mit einer schlan- 
ken stabformigen Geometrie oder einer Schnetd- 
kante zur Erzielung einer hohen Oberhdhung der 
elektrischen Feldstarke, dadureh gekennzeichnet, 
daB der elektronenemittierende TeU der Feldemis- 
sionskathode zumindest teUweise bevorzugt roh- 
renfdrmige K&figmolekule und/oder Verbindungen 
mit Kafigmolekulen und/oder rchrenformige ato- 
mare Netzwerke, gegebenenfaUs mit AbschluBkap- 
pen mit Durchmesser-Abmessungen im Nanome- 

terbereich,aufweist 

Z Einrichtung nach Anspruch 1. dadurch gekenn- 
zeichnet, daB die bevorzugt r6hrenf5rmigen K.atig- 
tnolekfile und/oder r6hrenf6rmigen atomaren 
Netzwerke mit AbschluSkappen aus Kohlenstoff- 
und/oder Bor- und/oder Suckstoffatomen Offnun- 
gen aufweisen. , 
3. Einrichtung nach Anspruch 1 und/oder 2, da- 
durch gekennzeichnet, daB die rahrenfdrmigen ato- 
maren Netzwerke einschalige Kohlenstoff-Nano- 
rdhrchen sind. , 

4 Einrichtung nach einem oder mehreren der vor- 
stehenden Ansprflche 1 bis 3, dadurch gekennzeich- 
net, daB die rohrenformigen atomaren Netzwerke 
mehrschalige Kohlenstoff-Nanorahrchen sind 

5 Einrichtung nach einem oder mehreren der vor- 
stehenden Ansprflche 1 bis 4, dadurch gekennzeich- 
net, daB die ein- und/oder m hrschaligen Kohlen- 
stoff-Nanordhrchen zu Bflndeln zusammengefaiit 

einrichtung nach einem oder mehreren der vor- 
stehenden AnsprOch 1 bis 5. dadurch gekennzeich- 
net, daB die Kohlenstoff-Nanordhrchen mit Metall 
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gefQHtsind. 

7. Einrichtung nach einem oder mehreren der v r- 
st henden Ansprflche, dadurch gekennzeichnet 
daB die Feldemissionskathode zumindcst teilweise 
mit exohedralen V rbindungen von KSfigmoleku- s 
len, vorzugsweise Alkali-Fullerenverbindungen, 
bedeckt ist 

8. Einrichtung nach einem oder mehreren der vor- 
stehenden Ansprflche, dadurch gekennzeichnet, 
dafl die Feldemissionskathode zumindest teilweise io 
mit endohedralen Verbindungen von KSfigmoleku- 
len bedeckt ist 

9. Verfahren zur Hersteilung von Feldemissionska- 
thodeneinrichtungen nach einem oder mehreren 
der vorstehenden Ansprflche 1 bis 8, dadurch ge- i$ 
kennzeichnet, dafl Kaflgmolekflle und/oder Ver- 
bindungen mit K&figmolekfllen und/oder rohren- 
fdrmige atomare Netzwerke, gegebenenfalls mit 
AbschluBkappen mit Durchmesser-Abmessungen 
im Nanometerbereich, aus der Gasphase aufwach- 20 
sen. 

10. Verfahren zur Hersteilung einer Feldemissions- 
kathodeneinrichtung mit Konienstoff-Nanorohr- 
chen nach einem oder mehreren der Ansprflche 1 
bis 6, dadurch gekennzeichnet, daB Kohlenstoff- 2$ 
Nanorohrchen aus der Gasphase aufwachsen. 

11. Verfahren zur Hersteilung von Feldemissions- 
kathoden aus Kohlenstoff-Nanordhrchen nach An- 
spruch 6, dadurch gekennzeichnet, daB wShrend 
der Hersteilung der Kohlenstoff-Nanorohrchen ein 30 
elektrisches Feld zwischen dem FuBpunkt des Koh- 
lenstoff-Nanordhrchens als Kathode und einer im 
Abstand angeordneten Anode liegt 

12. Verfahren zur Hersteilung von Feldemissions- 
kathoden aus Kohlenstoff-Nanordhrchen nach An- 35 
spruch 7 und 8, dadurch gekennzeichnet, daB der 
FuBpunkt jedes Kohlenstoff-NanorOhrchens die 
metallische Spitze einer konventionell hergestell- 
ten Feldemissionskathode ist 

13. Verfahren zur Hersteilung von Feldemissions- 40 
kathoden aus Kohlenstoff-Nanorohrchen nach ei- 
nem oder mehreren der vorhergehenden Ansprfl- 
che, dadurch gekennzeichnet, daB an den FuBpunk- 
ten der Kohlenstoff-Nanordhrchen katalytisch wir- 
kende Metalle wie Eisen oder Kobalt aufgebracht 45 
sind. 
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A field emission cathode device consisting of an electrically 
conductive material and with a slender rod-shaped configuration or 
a cutting edge to attain a high increase in the electric field 
strength, characterized in that the electron-emitting part of the 
field emission cathode preferably has, at least in part, tubular 
cage molecules and/or compounds with cage molecules and/or tubular, 
atomic networks, perhaps with closure caps with diameter dimensions 
in the nanometer range. 




The following data are taken from the documents submitted by the 
applicant. 

The invention concerns a field emission cathode device and a 
method for its production. 
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Field emission is the term used for the exiting of electrons 
from the surface of an electrical conductor under the effect of an 
electric field of more than 10 9 V/m. In actual practice, such field 
strengths occur on sharp edges or tips, on which field-strength 
increases appear, wherein a high vacuum is required to avoid gas 
discharges. 

State of the art 

Technically, field emission cathodes are used, for example, 
with a field electron microscope, using electron accelerators, with 
high-performance circuits (West German Patent No. 3,924,745 Al 

(Of fenlegungsschrift) , and in field emission diodes and field 
emitter arrays for vacuum microelectrons (thus, for example, Busta, 
Vacuum microelectronics-1992, Journal of Micromechanics and 
Microengineering, 2 (1992), pp. 53-60, and Iannazzo, A Survey of 
the Present Status of Vacuum Microelectronics, Solid State 
Electronics, 36 (1993), pp. 301-320). A tungsten wire, whose tip is 
so fine through etching that it can no longer be seen under a light 
microscope, can be used as a field emission cathode. Likewise by 
etching, carbon fibers can be produced at the ends in a 
sufficiently fine form (Heinrich, Essig, Geiger, Appl. Phys. (1977) 
12, pp. 197-202) so as to be used as a field emission cathode. 

In vacuum microelectronics, the field emission cathodes are 
generally produced with the methods of microprocess technology by 
etching and vapor deposition, using lithographically produced masks 

(see Busta, Vacuum microelectronics-1992, Journal of Micromechanics 
and Microengineering, 2 (1992), pp. 53-60). In this way, it is 
possible to use cone-shaped tips with a radius of curvature of a 
few nm or wedge-shaped cutting edges with a comparable radius of 
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curvature. Molybdenum, lanthanum hexaboride, hafnium, and 
diamond-like carbon, for example, are used as the material for the 
cathode (B. C. Djubua, N. N. Chubun, Emission Properties of 
Spindt-Type Cold Cathodes with Different Emission Cone Material, 
IEEE Transactions on Electron Devices, 38 (1991) No. 10, pp. 
2314-2316) . 

The disadvantage when using tips and edges produced according 
to the known methods is that the electron flow is reduced with the 
operating time, since the tips or edges are destroyed by positive 
ions of the unavoidable residual gas in the system. The same is 
true for the field emission cathodes produced by vapor deposition 
techniques. This is, above all, influenced by the fact that the 
material structure of the emission tips is not clearly defined. For 
this reason, the configuration and microstructure of the tip and 
thus the exiting work of the electrons can vary within such broad 
limits that the electron flow of several tips produced in one 
process differ by [several] powers of ten, and moreover changes 
with the operating time. 

Furthermore, the field emission cathodes for vacuum 
microelectronics cannot be produced in the optimal configuration 
according to the state of the art. Field-strength calculations for 
different configurations of the tips show that the most favorable 
form of a field emission cathode is a slender rod (Utsumi, Vacuum 
Microelectronics: What's New and Exciting, IEEE Transactions on 
Electron Devices 38 (1991), pp. 2276-2283). With the current method 
of microstructure technology, it is possible to produce cone-shaped 
tips in a defined manner and in any case. 

Carbon nano-tubes were observed for the first time by Iijima 
(Nature, 354 (1991), p. 56) under an electron microscope and can be 
produced today in large quantities, for example, on the cathode of 
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an electric arc (Iijima, Materials Science and Engineering, B19 
(1993), pp. 172-180). In the presence of iron or cobalt, it is 
possible to produce one-shell carbon nano- tubes. Theoretical 
calculations show that, depending on the helical nature of the 
hexagonal ring structure of the walls, the carbon nano-tubes are 
electrically conducting or semiconducting (Saito, Fujita, 
Dresselhaus, Dresselhaus, Materials Science and Engineering, B19 
(1993), pp. 185-191). The carbon nano-tubes can also be filled with 
metals, for example, with lead. Other methods for the production of 
carbon nano-tubes are described in the literature: Carbon 
nano-tubes can be produced by the catalytic decomposition of 
acetylene via iron particles at approximately 700 °C ( Jose-Yacaman, 
Miki.-Yoshida, Rendon, Applied Physics Letters 62 (6) 1993, 
pp. 657-659) . 

In the presence of methane, argon, and iron vapor, one-shell 
carbon nano-tubes can be found in the carbon black precipitate on 
the chamber walls of an electric arc apparatus (Iijima, Nature 363 
(1993) , pp. 603-605) . 

By evaporating a carbon film in a high vacuum, multishell 
carbon nano-tubes can be deposited on a graphite surface (Ge, 
Sattler, Science 260 (1993), pp. 515-518). 

By evaporating high-purity graphite with electron beams in a 
vacuum, it is possible to produce carbon nano-tubes on substrates 
made of various materials, wherein the carbon nano-tubes are 
aligned in the direction of the vapor jet (Kosakovskaya et al., 
JETP Lett., 56 (1996) 26). 

In addition to the carbon nano-tubes, unordered carbon 
particles are generally deposited on the substrate as well. 

They can be removed, for example, by treatment in an oxidizing 
atmosphere at an elevated temperature of up to 500°C, preferably 
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400°C. In the same way, the carbon nano-tubes can be opened at the 
closure caps in an oxidizing atmosphere (air, C0 2 , or pure oxygen) . 
This offers the possibility of filling the carbon nano-tubes with 
metals, as is described by Ajayan and Iijima in Nature 361, p. 333 
for filing with lead. 

Basically, it is possible to affix these carbon nano-tubes, 
produced according to one of the methods described above, to a 
suitable substrate with the aid of micromanipulators and thus to 
produce a field emission cathode. This method, however, is 
impractical and — particularly for field electrode arrays with many 
cathode tips, as is desired in vacuum microelectronics — it is not 
suitable. 

Description of the invention 

The goal, or the problem, of the invention under consideration 
is to provide a field emission device that avoids the disadvantages 
of the state of the art, ensures a high emission quality, makes 
possible an increased operation time, and in particular withstands 
the bombardment of the ions of the residual gas. Moreover, the 
goal, or the technical problem, of the invention under 
consideration is to provide a method for the production of a field 
emission cathode device of the type mentioned at the beginning, 
which ensures a technically optimal production and can be used 
economically. 

The field emission cathode device, in accordance with the 
invention, is given by the features of Claim 1. The method, in 
accordance with the invention, for the production of the field 
emission cathode device is given by the features of Claim 9. 



Advantageous embodiments and refinements are the focus of the 
subclaims . 

The field emission cathode device, in accordance with the 
invention, is accordingly characterized in that the 
electron-emitting part of the field emission cathode preferably 
has, at least in part, tubular cage molecules and/or compounds with 
cage molecules and/or tubular atomic networks, perhaps with closure 
caps with diameter dimensions in the nanometer range. 

Preferably, the tubular atomic networks can be provided with 
closure caps made of carbon and/or boron and/or nitrogen atoms, 
which have openings. 

A particularly preferred embodiment of the field emission 
cathode device, in accordance with the invention, is characterized 
in that carbon nano-tubes are used as the field emission cathodes. 
Carbon nano-tubes can be produced with one shell with a diameter of 
approximately 1 nm and lengths of over 1 um, or also with several 
shells with up to a few nanometers in diameter. It is also possible 
to produce bundles of one-shell carbon nano-tubes with diameters of 
approximately 5 nm. The walls of the carbon nano-tubes are made of 
carbon atoms in a hexagonal arrangement, whereas the closure caps 
also contain five-membered ring structures. The individual carbon 
atoms of the carbon nano-tubes are chemically strongly bound, 
wherein the carbon nano-tubes have an extremely high mechanical 
strength. The high sputter strength, in comparison to the 
irregularly grown tips which are vapor-deposited according to the 
state of the art, results from this. 

The use of the carbon nano-tubes, which are in fact known, as 
a field emission cathode therefore links the advantage of an 
optimal configuration with the high strength, wherein it is ensured 
that the emission characteristics of such field emission cathodes 
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do not change during operations, in contrast to the previously used 
cathode tips. 

In order to make use of the aforementioned advantages of the 
carbon nano-tubes for the production of field emission cathode 
arrays of vacuum microelectronics, the known methods for the 
production of such arrangements must be modified in accordance with 
the invention so that carbon nano-tubes grow on correspondingly 
prepared sites of a substrate. 

The production method can be used for both individual field 
emission cathodes as well as field emission cathode arrays. 

Other specific embodiments and advantages of the invention 
result through the features also given in the claims and through 
the exemplified embodiments indicated below. The features of the 
claims can be combined with one another in any manner, to the 
extent that they are not obviously mutually exclusive. 

Short description of the drawing 

The invention and advantageous specific embodiments and 
refinements of the same are described and explained in more detail 
in the following with the aid of the examples represented in the 
drawing. The features to be deduced from the description and the 
drawing can be used individually, by themselves, or several of them 
can be employed, in any combination, in accordance with the 
invention. The figures show the following: 

Figure 1, an individual field emission element of a field 
emitter array, as it can be produced according to the state of the 
art; 



Figure 2, the same element according to the first method step, 
in accordance with the invention, in order to provide the emission 
tip with carbon nano-tubes; 

Figure 3, the same element after the vapor-deposition of 

carbon; 

Figure 4, the same element after the last method step in the 
final state; 

Figure 5, a cutout from a field emitter array with 
individually regulatable emission tips; 

Figure 6, the cross-section of a graphite plate with cutting 

edge; 

Figure 7, in cross-section, a prepared block of ten graphite 
plates with a clamping device for the vapor-deposition of carbon 

nano-tubes; and 

Figure 8, a diode for power impulse technology with a field 
emission cathode, prepared in accordance with the invention. 

Ways to carry out the invention 

An explanation will be given below, with an example as to how 
the field emission cathodes can be produced from carbon nano-tubes 
used, for example, as cathodes for diodes or circuits. In a second 
example, an explanation will be given as to how to produce field 
emission cathodes for a field emitter array with methods of 
microstructure technology. 



Example 



Production of individual cathodes on a cutting edge 

Square graphite plates with an edge length of 1 cm 
(centimeter) and a thickness of 1 mm (millimeter) are ground or 
etched on an edge to form a cutting edge. Figure 6 shows such a 
graphite plate 100 with a one-sided, inclined cutting edge 101. 
Figure 7 shows how ten of these graphite plates 100a to 100J are 
brought together in a clamping device 103 to form a block in such a 
way that the cutting edges 101a to 101J lie on one side of the 
block in a plane and an aluminum film or a Teflon film lies between 
the graphite plates as spacers 102a to 102 j . The clamping device, 
made of two brass blocks into which recesses are milled to accept 
the ten graphite plates with the spacer films. The blocks are 
screwed together with two screws 104. 

The prepared block is installed inji vacuum apparatus, in 
which a target made of high-purity graphite is evaporated with an 
electron beam. The graphite target and the block are arranged in 
such a way that the carbon vapor strikes vertically on the plane 
with the graphite cutting edges. Under these conditions, carbon 
nano-tubes grow on the cutting edges, individually and in bundles 
of several tubes, in the direction of the carbon vapor jet. After a 
layer thickness of a few tenths of a micrometer is attained, the 
vapor-deposition process is ended. 

The cutting edges and the inclined surfaces of the graphite 
plates are now coated with carbon nano-tubes, which have an 
extraordinarily high mechanical strength. The micros tructure of the 
surface is characterized by tubular elevations with sharp tips, 
which have a radius of curvature of a few nanometers. 
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Figure 8 shows how a graphite plate prepared in this way can 
be used in a diode serving as a circuit element. A large-surface 
anode 112 and a cathode rod 111 are melted in an evacuated glass 
flask 110. The graphite plate 100 with the cutting edge 101 is 
fastened on the cathode rod in such a way that it is opposite the 
anode at a distance of approximately 1 mm. By applying a 
sufficiently high negative voltage on the cathode, an electrical 
current can flow through the diode. 

Instead of one individual cutting edge, several cutting edges 
can be used as the cathode in the same manner. 

These' cutting edges are characterized in that in contrast to 
cutting edges without carbon nano- tubes, they exhibit a 
substantially larger increase in the electric field, which is 
manifested in that the field emission current is larger with the 
same voltage. Moreover/ the emission tips are not destroyed by ions 
of the residual gas after a short operating time. 

The described production method can be applied, without any 
problems, to a larger number of graphite plates with a longer 
cutting edge. Likewise, the edge angle and the distances of the 
cutting edges from one another can be varied within broad limits. 
It is thus possible to conceive of a field emission cathode whose 
electron-emitting surface and current density can be adapted to 
many applications, for example, in power impulse technology. 

Example 

Production of field emission cathodes as an array 

First, according to a previously known method, an array of 
field emitter cathodes and gate electrodes made of molybdenum will 
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be produced on a doped silicon substrate with the methods of 
silicon process technology, as described, for example, in the 
article Spindt et al., J. Appl. Physics 47 (1976), p. 5248 ff (see 
also Busta, loc. cit. and Iannazzo, loc. cit.). Figure 1 shows a 
field emitter cathode with a gate electrode; 10 designates the 
electrically conductive, n-doped silicon substrate; 11 is an 
approximately 2-um-thick, vapor-deposited insulation layer made of 
Si02; 12 is the approximately 0.5-um- thick, vapor-deposited 
molybdenum gate electrode; and 13 is the tip-shaped field emission 
cathode made of molybdenum. Advantageously, the gate openings 14 of 
the molybdenum layer have thicknesses between 0.4 and 0.8 um; in 
the cited production method, this makes it possible for the cathode 
cone tips to be approximately 0.5 um below the gate electrodes. 

In a subsequent process step, a sacrificial layer of aluminum 
is applied on the field emitter array, which in this form already 
corresponds to the state of the art in that the substrate is 
rotated vertically in relation to the surface and is evaporated 
with aluminum with an oblique incidence. This type of vapor 
deposition prevents the aluminum from precipitating into the 
cathode openings. Figure 2 shows a field emitter element formed 
according to this process step; 20 designates the aluminum 
sacrificial layer. 

In the next process step, a graphite target, which is placed 
above the field emitter array, is evaporated by an electron beam 
and the carbon is deposited on the field emitter array. A part of 
the carbon atomic beam penetrates the gate openings and 
precipitates onto the cathode tips. As is known from a publication 
by Kosakovskaya et al., JETP Lett., 56 (1992) 26, tubular, parallel 
graphite fibers form in the direction of the incident atomic beam. 
An improvement in the growth process is attained if, during this 



process step, a voltage U G on the order of 50 V is laid between the 
cathode and gate layers. The average field strength is then on the 
order of 50 V/0.5 urn = 10 8 [sic; 10 8 ] V/m; by increasing the field 
strength at the tip, it rises there to over ss 10 9 Vc/m. The high 
field strength at the fiber tip apparently causes the fiber ends to 
remain open and the growth of the fibers is improved (Smalley, loc. 
cit., p. 4). Figure 3 shows a field emitter element after this 
process step, wherein 30 designates the deposited carbon layer on 
the gate electrode and 31 represents one or more carbon nano- tubes 
on the molybdenum tip. The voltage source for the production of the 
field strength on the cathode tip is also schematically shown. 

The growth of the carbon nano-tubes can be controlled via the 
emission current I c . The longer the grown carbon nano-tubes, the 
stronger will be the emission current. The process must be broken 
off at the right time when the carbon nano-tubes have attained a 
few tenths of urn in length. Advantageously, the gate voltage Ug is 
easily modulated. The quotient dI c /dU G is designated as the 
differential slope and can be used as a measure of the quality of 
the field emitter array. 

In a last step, the carbon layer with the aluminum sacrificial 
layer is etched away, so that the field emitter element looks like 
that shown in Figure 4 after this step. 

As a modification of the described production process, instead 
of being electrically combined in their totality and lying on the 
same potential, the cathodes can be produced in such a way that 
only one row is electrically coupled with one another row. In the 
same way, the gate electrodes can be produced in such a way that 
they are electrically coupled in one row, but vertical to the 
direction of the cathodes connected in series. This allows the 
possibility of controlling each cathode individually. This type of 
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connection was known previously and, for example, is used for the 
LETI Company screen with digitally controllable image points 
(described in Busta, loc. cit., pp. 69-70). Schematically, this 
connection for three rows of cathodes and three rows of gates is 
represented in a top plane view in Figure 5. 

Electrically conductive cathode paths Kl, K2, and K3, for 
example, made of n-doped silicon, are applied in a width of a few 
micrometers on a substrate with electrically nonconductive surface 
1. The subsequent — not depicted — insulation layer made of silicon 
in a thickness of approximately 2 urn corresponds to the arrangement 
described by Spindt. The gate electrodes Gl, G2, and G3 are, like 
the cathodes, applied in the shape of strips, but vertical to the 
direction of the cathode paths. The other process steps correspond 
to the steps used for the production of the field emitter cathodes 
that cannot be controlled individually. 

The average electrode of the last column in Figure 5 can be 
controlled, for example, in such a manner that a negative voltage 
is applied on the cathode strip K2 and a positive voltage is 
applied on the gate strip G3; a field emission current then flows 
from this electrode, which can be measured in the cathode or gate 
circuit or detected with a first anode — not depicted here. 

In the production method described here, this arrangement of 
the cathode strips and gate strips can be used for deliberately 
controlling the production process of each individual cathode. It 
is then possible to measure the emission current during the 
production process from each field emitter tip and not only the sum 
of the total field emitter array. By switching away the voltage to 
a field emission cathode, the formation of a closure cap with 
f ive-membered ring structures is favored, so that further growth no 
longer takes place. 
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It is advantageous for the formation of the carbon nano-tubes 
if the formation process takes place at elevated temperatures of 
100 to 700°C (degrees Celsius), preferably 300-400°C. 

Likewise, it is advantageous if, before the sputtering of the 
carbon, a layer of iron or cobalt, which has a thickness of a few 
atomic layers, is applied on the molybdenum cathode tips. 
Obviously, iron and cobalt act positively on the formation of 
carbon nano-tubes. 

As a modification of the invention, one can also dispense with 
the advantage of a slender, cylindrical shape of the carbon 
nano-tubes and utilize only the advantage of the high mechanical 
stability of cage molecules — that is, the resistance capacity 
toward the bombardment of the cathode by positive residual gas 
ions. In this case, the cathodes produced in the traditional 
manner — by vapor deposition in a vacuum with the methods of 
microstructure technology or by etching — are coated with 
electrically conductive cage molecules. The cage molecules can be 
fullerenes, heterofullerenes, or their derivatives, particularly, 
endohedral and exohedral compounds, for example of the M3C60 or M3C70 
type, wherein M is a metal, preferably the alkali metals potassium 
or sodium. The cage molecules can also be applied in a crystalline 
form, for example, C 6 o in the form of fullerite, on the cathode. 

Applications 

Field emission cathodes, whose resistance capacity and 
emission characteristics were improved by coating with carbon 
nano-tubes or with fullerenes and their derivatives in molecular or 
crystalline form, can be used in all applications in which 
thermoionic cathodes were previously used in vacuum, and in all 
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applications of vacuum microelectronics. Typical application fields 
are listed below, wherein the listing is not exhaustive in that a 
specialist can apply the field emission cathode, in accordance with 
the invention, to similar applications without any problems. 

Individual emitter tips, emitter edges, or emitter arrays can 
be used as an electron source for X-ray tubes, X-ray tubes with 
flat, controllable cathodes — for example, for computer tomography, 
electron beam lithography, miniature electron microscope, power 
switching tubes, diodes or triodes, pneumatic relays, and screens. 

Field emission cathodes can be used in miniaturized electronic 
components,- such as high-frequency diodes, high-frequency triodes, 
diodes and triodes in combination with semiconductor components, 
temperature-resistant diodes and triodes in motor vehicles, 
temperature-resistant logic components, electronic components in 
diode and triode functions, which exhibit a special resistance 
toward electromagnetic disturbance radiation and ionizing 
radiation, pressure sensors, in which the cathode-gate interval is 
influenced by pressure, microwave generators, and reinforcers. 

As an array, field emission cathodes are preferably used as 
large-surface electron sources with a high current density, and as 
controllable electron sources for flat screens with high luminance 
in monochromatic or polychromatic models. 

Claims 

1 . Field emission cathode device consisting of an electrically 
conductive material and with a slender, rod-shaped configuration or 
a cutting edge to attain a high increase in electric field 
strength, characterized in that the electron-emitting part of the 
field emission cathode preferably has, at least in part, tubular 
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cage molecules and/or compounds with cage molecules and/or tubular 
atomic networks, perhaps with closure caps with diameter dimensions 
in the nanometer range. 

2. Device according to Claim 1, characterized in that the 
preferably tubular cage molecules and/or tubular atomic networks 
with closure caps made of carbon and/or boron and/or nitrogen atoms 
have openings. 

3. Device according to Claim 1 and/or 2, characterized in that 
the tubular atomic networks are one-shell carbon nano-tubes. 

4. Device according to one or more of the previous Claims 1 to 

3, characterized in that the tubular atomic networks are multishell 
carbon nano-tubes. 

5. Device according to one or more of the previous Claims 1 to 

4, characterized in that the one- and/or multishell carbon 
nano-tubes are put together in bundles. 

6. Device according to one or more of the previous Claims 1 to 

5, characterized in that the carbon nano-tubes are filled with 
metal . 

7. Device according to one or more of the previous claims, 
characterized in that the field emission cathode is coated, at 
least in part, with exohedral compounds of cage molecules, 
preferably alkali fullerene compounds. 

8. Device according to one or more of the previous claims, 
characterized in that the field emission cathode is coated, at 
least in part, with endohedral compounds of cage molecules. 

9. Method for the production of field emission cathode devices 
according to one or more of the previous Claims 1 to 8, 
characterized in that cage molecules and/or compounds with cage 
molecules and/or tubular atomic networks, perhaps with closure caps 
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with diameter dimensions in the nanometer range, grow from the gas 
phase . 

10. Method for the production of a field emission cathode 
device with carbon nano-tubes according to one or more of Claims 1 
to 6, characterized in that carbon nano-tubes grow from the gas 
phase . 

11. Method for the production of field emission cathodes from 
carbon nano-tubes according to Claim 6, characterized in that 
during the production of the carbon nano-tubes, an electric field 
lies between the base of the carbon nano-tube as a cathode and an 
anode situated at a distance. 

12. Method for the production of field emission cathodes made 
of carbon nano-tubes according to Claims 7 and 8, characterized in 
that the base of each carbon nano-tube is a metal tip of a 
conventionally produced field emission cathode. 

13. Method for the production of field emission cathodes from 
carbon nano-tubes according to one or more of the previous claims, 
characterized in that catalytically acting metals, such as iron or 
cobalt, are applied on the base of the carbon nano-tubes. 



